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The colonization of granular activated carbon columns by bacteria can have
both beneficial and potentially detrimental consequences. Bacterial growth on the
carbon surface can remove adsorbed organics and thus partially regenerate the
carbon bed. However, growth can also increase the levels of bacteria in the
column effluents, which can adversely affect downstream uses of the treated
water. This study of a sand column and several activated carbon columns
demonstrated that considerable marine bacterial growth occurred in both sand
and carbon columns and that this growth increased the number of bacteria in
column effluents. Activated carbon supported approximately 50% more bacteria
than did sand. Bacterial growth on activated carbon was reduced by increasing the
flow rate through a carbon column and increasing the carbon particle size.
Scanning electron micrographs showed that bacteria preferred to attach in the
protected crevices on both the sand and carbon surface. The results of this study
indicated that the colonization of activated carbon by marine bacteria was

enhanced because of carbon's high surface area, its rough surface texture, and its
ability to absorb organic materials.

The fact that bacteria readily colonize granu-
lar activated carbon has been clearly demon-
strated (25), and the role of attached bacteria in
the "bioregeneration" of granular activated car-
bon has been characterized in a number of
studies (4, 15, 18, 23). However, the major
factors which limit the growth of bacteria on
activated carbon have not been identified. The
purpose of this investigation was to examine the
effects of the high exposed surface area of
activated carbon and of carbon column flow rate
on the growth of bacteria in activated carbon
columns.

Bacterial attachment to a wide array of sur-
faces is a phenomenon that has been recognized
for many years (26, 27). Indeed, the attachment
of bacteria to surfaces is a widespread phenome-
non (16) and plays an important role in the
ecology of both freshwater and marine environ-
ments (12, 13). The ability of most surfaces to
absorb organic materials is often proposed as
one of the major reasons for microbial attach-
ment (5, 7).

Activated carbon is a very adsorptive surface
which is capable of removing a wide range of
organic materials from solution (20). Bacteria
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which become attached to activated carbon can
utilize adsorbed organic materials as growth
substances (11). Thus, the high adsorptive ca-
pacity of activated carbon may create an en-
riched environment which could support a larger
population of bacteria than a relatively nonad-
sorptive surface such as sand or coal. Shear
forces induced by fluid flow past a surface can
have a significant impact on the colonization of
surfaces by preventing the attachment of bacte-
ria or by shearing off developed biofilm (21). In
comparison to other surfaces, activated carbon
has a very high surface-area-to-volume ratio,
due to its large proportion of internal pores and
rough surface texture (22). This characteristic of
carbon may make it a more favorable surface for
colonization than other, more rounded surfaces
such as sand.
The relative effects of adsorptivity, surface

area, and flow rate on the growth of bacteria on
activated carbon were examined in a 4-month
study of bacterial numbers in the effluents from
several bench-scale columns. Three different
grain sizes of Nuclear WV-W activated carbon
were used to test the effects of changing exposed
surface area. Quartz sand was used as a relative-
ly nonadsorptive surface to be compared with
the adsorptive activated carbon. Two other car-
bon columns were run at flow rates different
from the above columns to test the effects of
different flows on colonization. After the col-

471



472 SHIMP AND PFAENDER

umns reached a relative steady state with re-
spect to bacterial counts, each column was
disassembled, and the colonized surface was
examined to determine bacterial numbers and
metabolic activity on the carbon and sand and to
characterize the mode and degree of bacterial
attachment to the two surfaces by using scan-
ning electron microscopy.

MATERIALS AND METHODS

Study site. This investigation was conducted at the
Wrightsville Beach Test Facility in Wrightsville
Beach, N.C. The purpose of the facility is to produce
virtually particle-free seawater for use in reverse os-
mosis desalination pilot plants. Activated carbon is
used in pretreatment to dechlorinate the seawater just
before desalination. The growth of bacteria in the
carbon columns of the facility may constitute a prob-
lem, since carbon column-derived bacterial particles
may foul the reverse osmosis membranes.
Column design and operation. Eight bench-scale

columns were constructed of Lucite tubing (2 in. [5.08
cm] diameter). Each column was filled with dry-heat-
sterilized media (sand or activated carbon) and sealed
to prevent air intrusion. Combined effluent from the
pretreatment zeolite filters of the Wrightsville Beach
Test Facility was fed to the columns from a single 30-
gallon head tank. Flow rates were controlled by flow-
meters (Dywer Instruments, Michigan City, Ind.) lo-
cated in the effluent line of each column. Each effluent
line was also equipped with a sample port, and each
column was fitted with two glass tube manometers to
measure headloss. All columns were designed to have
an empty-bed contact time of 7 min.
Nuchar WV-W activated carbon (Westvaco Corp.,

Covington, Va.) was sieved to the following U.S.
Standard mesh sizes: 8 by 14 (2.21 mm), 12 by 18 (1.50
mm), and 20 by 35 (0.83 mm). These classes supplied
media for each of the three surface area columns,
which were designated SA8x14, SA12x18, and
SA20x35. Column SA12x18 was run in triplicate to
give a measure of the variability between identical
columns. Each column was run at a flow rate of 250
ml/min (162 liters/min per m2). The method described
by Heywood (8) was used to determine the external
surface area of each class of material. Since this
method does not account for internal pore area, we
made the assumption that the external surface area
represented that area available for colonization. Up to
50 particles of carbon were examined microscopically
and dimensioned. The mean projected particle diame-
ter was determined, and the external surface area was

calculated on a per-gram basis. The method described
by Heywood (8) accounts for surface texture and
irregular particle shape through the use of coefficients
described in the paper. Columns SA8x14, SA12x18,
and SA20x35 each contained 946 g of carbon, which
corresponds to 2.19 x 104, 4.5 x 104 and 7.7 x 104
cm2 of exposed surface area, respectively.
The quartz sand used as a nonadsorptive surface

was sieved to 12 by 18 mesh. The column, called
"SAND," contained 2,610 g of sand and had a total
exposed surface area of 4.3 x 104 cm2. The coloniza-
tion of the SAND column was compared with that of
column SA12x 18, which contained approximately the
same amount of surface area.

Two other columns, designated FLOW2 and
FLOW6, contained 12 by 18-mesh activated carbon
and were run at 125 ml/min (81 liters/min per m2) and
375 ml/min (243 liters/min per m2), respectively. These
columns contained 2.2 x 184 and 7.0 x 104 cm2 of
exposed surface area. Their colonization was com-
pared with that of SA12x18, which was called
FLOW4 during such comparisons.
The amount of carbon or sand in each column was

adjusted to obtain a 7-min empty-bed contact time.
Headloss was measured daily in each column, and

the flow rates were adjusted to correct for decreasing
flow caused by a buildup of particulate matter in the
columns.

Sampling. The following parameters were measured
regularly in the feed and the effluents from each
column: temperature, pH, dissolved oxygen, total
bacteria, and colony-forming units (CFU) of viable
bacteria.
pH measurements were made with a Fisher Accu-

met model 420 pH/ion meter (Fisher Scientific Co.,
Pittsburgh, Pa.) after standardization in seawater. Dis-
solved oxygen measurements were made with a Yel-
low Springs Instruments model 57 DO meter and
model 5739 DO probe (Yellow Springs Instrument
Co., Yellow Springs, Ohio) which was air standard-
ized before each sampling period.

Total bacteria in column effluents were determined
by the acridine orange direct count (AODC) method
(9) on a Leitz Ortholux II fluorescence microscope
(Leitz/Opto-Metric Div. of E. Leitz Inc., Rockleigh,
N.J.) equipped with a Ploem illuminator.
CFU levels were measured with the spread plate

technique of Buck and Cleverdon (2). Marine agar
2216 (Difco Laboratories, Detroit, Mich.) was used as
the plating medium, and the plates were incubated for
2 weeks at 20°C.
The columns were sampled for all of the above

parameters until a relatively steady state with respect
to AODCs of cells developed for each column (approx-
imately 4 months).
Column breakdown study. Upon completion of the

effluent study, each column was drained and the
medium was removed. Bulk samples of substratum
from the SA8x14, SA12x18-2, SA20x35, SAND,
FLOW2, and FLOW6 columns were taken from the
top, middle, and bottom of each column bed for use in
AODC, community metabolism, and scanning elec-
tron microscopy (SEM) analysis.
For AODC analysis, triplicate 2.5-g samples of the

medium were placed in 250 ml of filtered seawater and
homogenized for 10 min at the highest speed of a
Waring blender to free attached bacteria. The homoge-
nized samples were then filtered through a 3-p.m
Nuclepore filter to remove larger carbon particles
which interfered with the AODC analysis. The filtrate
was fixed with formaldehyde and was later analyzed
by the usual AODC procedure. Homogenization does
not remove all cells from the carbon surface. Howev-
er, since each sample was treated in the same manner,
the fractions recovered should be comparable, even
though the reported numbers represent conservative
estimates of the actual counts present on the carbon
surface.

Heterotrophic activity of the bacteria attached to
the surface of the carbon or sand was determined by
measuring the mineralization of a trace concentration
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of a "4C-amino acids mixture representative of an algal
protein hydrolysate (New England Nuclear Corp.,
Boston, Mass.). Triplicate 2.0-g samples of medium
from the top, middle, and bottom of each column were
placed in 40-ml Pierce septum vials with 20 ml of
sterile filtered seawater from the zeolite filters of the
pretreatment plant. A 40-,ul volume of 14C-amino acids
mixture (1 ,uCi/ml) was added to each vial, and the
vials were incubated for 30 min. Control samples to
determine non-biological production of '4CO2 were
prepared by killing the bacteria on the medium in a
fourth sample with 0.25 M HgCl2. After incubation,
metabolism was terminated with HgCl2, and the sam-
ples were acidified with 2 N H2SO4 to liberate CO2
from solution. 14Co2 was trapped on a piece of 1 N
KOH-soaked filter paper for 4 h. The paper was placed
in 10 ml of Aquasol II scintillation fluid, and the
radioactivity was counted on a Packard Tri-carb model
3320 scintillation counter (Packard Instrument Co.,
Inc., Rockville, Md.). Turnover rates for the amino
acids were calculated in the manner discussed by
Azam and Holm-Hansen (1): as long as the concentra-
tion of substrate added is negligible compared with
ambient levels, the turnover rate (reciprocal of turn-
over time) can be directly measured from the fraction
of added label metabolized to 14CO2 divided by the
incubation time.
Samples from the top 5 cm of columns SA12x18,

SAND, FLOW2, and FLOW6 as well as sterile sand
and sterile 12x18 carbon were fixed for SEM analysis
in 2% (vol/vol) glutaraldehyde and prepared for view-
ing as described by Paerl and Shimp (17). The fixed,
dried samples were examined on an Etec Autoscan
scanning electron microscope.

RESULTS
The column study was started on December 3,

1980 and was completed April 10, 1981. During
this period, the temperature of the seawater
passed through the columns varied from 7.5 to
16.5°C, and the pH varied from 7.72 to 7.99.
Neither of these parameters was appreciably
affected by the passage of the seawater through
the columns.
The measurements of dissolved oxygen in the

feed and effluents from the columns showed that
dissolved oxygen was reduced during passage
through the activated carbon columns. There
was only a slight reduction in the SAND col-
umn. This decline in dissolved oxygen was prob-
ably the result of both chemical adsorption of
oxygen by the carbon itself (19) and bacterial
metabolism on the carbon surface.
AODC results in the feed and effluents are

shown in Fig. 1 and 2. With the exception of day
1, the three replicate SA12 x 18 columns
showed little variability (coefficient of variation
was less than 10%). Colonization appeared to be
greater on the carbon than on the sand (Fig. 1).
Increasing flow rates (shown in Fig. 2) appeared
to reduce the effluent AODC levels from the
columns.
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FIG. 1. Total cell counts (AODC) in effluent from
the surface area and sand test columns.

CFU counts demonstrated more variability
(coefficient of variation for the three SA12x18
replicates was 15 to 25%) than the AODC and
did not reveal the same patterns of colonization
as the AODC measurements. In fact, effluent
CFU levels were approximately the same in all
of the columns throughout most of the study.
However, the CFU measurements clearly
showed that bacteria did indeed colonize all of
the columns. Feed CFU levels were approxi-
mately 1 x 103 CFU/ml, and effluent levels from
all of the columns were nearly 8 x 104 CFU/ml
after the first 30 days of operation.

Results from the column breakdown study are
shown in Fig. 3. An F-test analysis of variance
was made for all of the data. According to the
results of that testing, AODC levels (Fig. 3A) for
the top samples from all of the carbon columns
were significantly different from middle samples
from the columns (P < 0.01). In the SAND
column, the difference was less pronounced but
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FIG. 2. Total cell counts (AODC) in effluent from
the flow rate test columns.
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FIG. 3. Results of the test column breakdown study. (A) Total cell counts (AODC) per gram of media; (B)
amino acids turnover rate (equal to the fraction of added label metabolized to CO2 divided by the incubation
time).

significant at 0.01 < P < 0.025. There were no

significant differences between the middle and
bottom AODC counts for any of the columns
and no trends with respect to surface area and
flow rate at those locations.
Comparing the AODC levels in the top sam-

ples alone, the AODC per gram levels for
SA8 x 14 were significantly smaller than for both
SA12x18 and SA20x35 (P < 0.01), but
SA12x18 was not significantly different from
SA20x35. Colonization on the SAND column
was significantly less than on SA12x18 (P <
0.01). Colonization on FLOW6 was significantly
less than on FLOW4 (SA12x18). However,
FLOW2 and FLOW6 were not significantly dif-
ferent.
Amino acids turnover rate results (Fig. 3B)

showed a trend of decreasing metabolic activity
with depth, but did not reflect any of the differ-
ences between columns that were apparent from
the AODC data.

Scanning electron micrographs for the SAND
and SA12x18 columns are shown in Fig. 4.
Bacterial growth appeared as light-colored glob-
ular masses which consisted of individual cells
imbedded in extracellular material. Colonization
on the SAND column appeared to be limited to
the cracks and crevices in the medium surface
(Fig. 4B). Column SAl2x 18, on the other hand,
appeared to be more heavily covered with cells
(Fig. 4E). The microcolonies on the carbon also
appeared more dense than on the sand. Close-
ups at 2,000x (Fig. 4C and F) showed that the
colonized areas of both sand and carbon were
covered with 1- to 2-,um cells buried in mats in
fibrous extracellular material.

Micrographs (200x) for the different flow rate
columns, FLOW2, FLOW4 (SA12x18), and
FLOW6 are shown in Fig. 5. Colonization ap-
peared to be greatest on column FLOW2 (Fig.
5A) and least on FLOW6 (Fig. SC). The FLOW6
picture shows several large areas of uncolonized
surface, mostly on exposed faces of the carbon
granule, whereas column FLOW2 was more
evenly covered with cells. The extent of coloni-
zation of column FLOW4 appeared to be some-
where in between that of the other two columns.

DISCUSSION

Bacteria colonized both the activated carbon
and the sand used in the column study. Effluent
AODCs were at least three times higher than
feed levels for most of the study (Fig. 1 and 2).
Differences between effluent and feed CFU lev-
els were even more pronounced. At times, efflu-
ent CFU counts were more than two orders of
magnitude higher than feed counts. Total cell
counts on the media were on the order of 108
cells per g. Finally, the SEM micrographs clear-
ly show attached bacteria on the surface of both
carbon and sand particles.
As shown by the results of the breakdown

study, the majority of the cells in each column
were attached to the media in the top 10 to 20 cm
of each bed (Fig. 3A). Although significant colo-
nization occurred in the rest of the bed, there
were between 2 and 10 times more cells in the
top samples than in samples from the middle and
bottom of each bed.

Bacteria colonized activated carbon to a

greater extent than sand. Effluent AODC levels
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FIG. 4. Scanning electron micrographs illustrating the similarities and differences between the colonization of
quartz sand and SA12x18 activated carbon. (A) Sterile sand, with relatively smooth surface texture; (B)
colonized sand, bacteria congregated in surface fissures; (C) close-ups of colonized sand, showing extent of
extracellular secretions; (D) sterile activated carbon with rough surface texture; (E) bacterial colonization on
SA12x18 activated carbon was widespread and appears to exceed that of sand; (F) close-up of SA12x18
activated carbon is similar to (C) in that cells secreted considerable amounts of extracellular material. Bars in A,
B, D, and E are 50 ,um. Bars in C and F are 2 rLm.

in the SA12 x 18 columns were two to three times
higher than effluent levels from the SAND col-
umns for every sampling date past day 40 (Fig.
1). This result is supported by the column break-
down AODC data (Fig. 3A) and the SEM micro-
graphs (Fig. 4). There are several explanations
for this phenomenon.

The total organic carbon (TOC) levels in the
feed were relatively low (1 to 3 mg/liter), so
substrate adsorption by the two media (sand and
carbon) may have enhanced colonization by
concentrating organic material. The large capac-
ity of activated carbon to adsorb organic materi-
al may provide richer substrate conditions near
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FIG. 5. Scanning electron micrographs comparing the colonization of the different flow rate columns. (A)
FLOW2; (B) FLOW4; (C) FLOW6. Note that the extent of colonization appears to decrease as the flow rate
increases. Bars are 50 p.m.

the carbon surface than would be found near the
surface of the relatively nonadsorptive sand.
Another reason that bacteria colonized acti-

vated carbon more heavily than sand is related
to the physical structure of the medium. Activat-
ed carbon has a considerably rougher surface
texture than sand (Fig. 4A and D). According to
Meadows (14) and Weise and Rheinheimer (25),
attached bacteria colonize the indentations and
surface fissures of marine sand grains, presum-
ably to escape the adverse effects of fluid shear.
This is also evident from the SEM micrographs
(Fig. 4B). Since activated carbon has a more
irregular surface than sand, bacteria would logi-
cally attach more readily to the carbon, where
the number of protected crevices is higher than
on the sand particles.

Increasing surface area (decreasing grain size)
exerted a small positive effect on the bacterial
colonization of activated carbon. Effluent
AODC levels on SA20x35 were slightly, but
consistently, higher than those in SA8x14 ef-
fluents for most of the study (Fig. 1). It is
doubtful, however, that even with replication,
these data would stand alone. However, the
total counts on the medium itself (Fig. 3A) also
show the same trend. The differences between
SA20x35 and SA8x14 AODCs on the carbon
surface were highly significant (P < 0.01).

Since it appears that the surface of the colo-
nized activated carbon was not completely cov-
ered with cells (Fig. 4E), it is unlikely that
surface area itself limited microbial growth.
Rather, the slight surface area enhancement
observed is probably due to smaller carbon grain
size in column SA20x35. Li and Digiano (11)
hypothesized that decreasing particle diameter
decreases the diffusional pathlength of organic
substrates from the internal pores of the carbon
to the biofilm and hence increases the availabil-
ity of adsorbed substrate to attached cells. Thus,
growth would be somewhat enhanced in small-
grain systems such as SA2Ox35.

Increasing the flow rate through a carbon
column decreased the number of bacteria in the

column effluents. Column FLOW6 had lower
total cell levels in its effluent than either FLOW2
or FLOW4 (Fig. 2). Additionally, the SEM
micrographs (Fig. 5) indicate, at least qualita-
tively, that the biofilm was more luxuriant and
more evenly dispersed on carbon from the low
flow rate FLOW2 column than on carbon from
either of the other two columns. It should be
noted that these micrographs show only a small
part of a single carbon grain and cannot be
regarded alone as convincing evidence of higher
colonization in lower flow rate systems. Howev-
er, they do reinforce the column study data.
Lower cell counts in higher flow regimes are
consistent with the findings of Trulear and Char-
acklis (21) that higher flow rate systems have
less extensive steady state biofilms because of
higher reentrainment of the biofilm by high fluid
shear.
One seeming contradiction in the results of

this study concerns the amino acids turnover
experiment (Fig. 3B). Although the results of
this experiment reflected the strong gradient of
colonization within a particular column, the
turnover rates did not show any significant dif-
ferences between columns. This was not, how-
ever, an unexpected result. In marine waters,
not all components of the bacterial community
are equally active (10). Thus, the metabolic
activity of the community is dependent on the
proportion of active cells, not on total numbers.
Metabolic activity is also a function of available
substrate concentrations (10). Bacteria at the
head of each column are being exposed to the
same incoming nutrient conditions. Therefore,
the activities observed were probably more a
function of the nature of the community and
nutrients in the influent than the physical char-
acteristics of the individual columns.

Besides their qualitative value as indicators of
population density on different media and in
different flow regimes, the scanning electron
micrographs give a clear indication of the means
by which bacteria attach to solid surfaces. Most
of the cells attached to the carbon did not
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produce small amounts of extracellular material.
Instead, they imbedded themselves in a thick
fibrous mat of material on the medium surface
(Fig. 4F). Strands of polymer appeared to span
macropores and completely cover micropores in
the carbon surface. Whether or not this cover-
age affects the adsorptive properties of activated
carbon is not clear. Li and Digiano (11) and Peel
and Benedek (18) believe that organic molecules
easily diffuse through biofilms that surround
carbon particles and that the biofilm does not
affect adsorption.
The nature of attachment to sand was similar

to that for carbon (Fig. 4C and D). In the densely
colonized crevices of the sand grain, bacteria
appeared to have secreted considerable amounts
of extracellular material. The material secreted
by attached marine pseudomonads has been
identified as an acidic muco-polysaccharide con-
sisting of glucose, galactose, mannose, and ga-
lacturonic acid subunits (3). The material is a
fibrous reticular substance which is stretched
from the bacteria to the attachment medium (6).
The results of this study indicate that coloni-

zation of activated carbon by bacteria is influ-
enced by a number of factors, including flow
rate, carbon grain size, and surface texture.
Bacterial colonization of carbon can be exten-
sive and leads to the development of a biofilm
consisting of considerable amounts of extracel-
lular polymeric material which holds cells tightly
to the surface.
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